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(57) The presentinvention relates to a plastic optical
fiber having a first core, a second core with a different
refractive index from the first core, disposed concentri-
cally on the outside of the first core, and a clad disposed
concentrically on the outside of the second core; where-
in a ratio X (r4/r,) of a first core radius ry to a second
core radius r, and a ratio Y (ny/n) of a refractive index
difference n, between the second core and the clad to
a refractive index difference n, between the first core
and the clad are in a range where the following Expres-
sions

Y =-1:134 X+ 1.0518 (1)

X =-1.4842 Y2 +1.1097 Y + 0.7097 (2)
are satisfied, and besides
Y<0.4o0rX=0.76

is satisfied (only excepting that X=0.8 and Y = 0.35 as
wellas X=0.8 and Y = 0.45). The present invention can

PLASTIC OPTICAL FIBER, OPTICAL FIBER CABLE AND OPTICAL TRANSMISSION DEVICE

provide a plastic optical fiber having a high transmission
power and a wide bandwidth.
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Description

TECHNICAL FIELD

[0001] The presentinvention relates to a plastic optical fiber and a plastic optical fiber cable, characterized by a high
transmission power and a wide bandwidth and well suited for optical communication media, as well as to an optical
transmission device.

BACKGROUND ART

[0002] In the field of short-distance communication such as intra-equipment, inter-equipment communication for cars
or audio equipments, step index (Sl) type plastic optical fibers (POFs) are currently being used as information trans-
mission media. In recent years, with increase in information content for transmission, there have been growing demands
that the S| type POF should have a still wider bandwidth.

[0003] To meet this requirement of a wider bandwidth, multi-layered structure in which a plurality of core layers with
different refractive indices is concentrically formed has been adopted for the core therein.

[0004] In Japanese Patent Application Laid-open No. 160956/1998, it is disclosed that, even if, for the sake of eas-
iness in fabrication, the number of layers in the core is kept mere two and the core is made only double-layered, this
structure can provide a POF with a low loss transmission characteristic as well as a wide bandwidth by setting each
core diameter and refractive index difference between each core layer and the clad to satisfy specific conditions. These
specific conditions are therein described as follows. In a plastic optical fiber having a clad, a first core disposed inside
the clad and a second core disposed inside the first core, the ratio (X = D2/D1) of the second core diameter (D2) to
the first core diameter (D1) is 0.3 = X = 0.95, and the ratio (Y = A2/A1) of the refractive index difference (A2) between
the first core and the clad to the refractive index difference (A1) between the second core and the clad is 0.4 = Y =
0.95, and besides the sum of afore-mentioned two ratios (X + Y) is X + Y = 1.9. With respect to the refractive index
difference (A1) between the second core and the clad, it is also described that its lower limit is equal to or greater than
0.01 and its upper limit, equal to or less than 0.1.

[0005] Meanwhile, for optical communication such as a link, it is essential to transmit a light with a high transmission
power therethrough to an optical receiver. Yet, the optical fiber disclosed in Japanese Patent Application Laid-open
No. 160956/1998 fails to transmit the light with a sufficiently high power, due to inappropriate setting of layer thickness
and refractive indices for respective layers therein. Further, the optical fiber is manufactured by a method comprising
steps of forming an outer circular layer and thereafter introducing the material of an inner circular layer inside that outer
circular layer, and, while rotating these, carrying out polymerization of the material of the inner circular layer so that a
layer (a compatibly blended layer) made of a polymer blend is each formed to a thickness almost exceeding 15 um
between two core layers and between a core layer and the clad. When these compatibly blended layers are formed
as thickly as described above, the light scattering loss becomes considerably high, causing a problem of large trans-
mission loss. Moreover, since the light scattering loss produced in the compatibly blended layer affects the transmission
bandwidth, there are occasions that thinning of the compatibly blended layer in this optical fiber results in lowering of
the transmission bandwidth. Further, in an optical transmission device utilizing this optical fiber, if the launch numerical
aperture (NA) of the light source is made larger so as to increase the quantity of incident light coupled into the optical
fiber and heighten the transmission power, the transmission bandwidth of the optical fiber becomes narrower, which
may lead to a problem that signals cannot be transmitted at high speed.

[0006] To examine this point further, the transmission bandwidth and transmission power for a POF manufactured
by the same rotational polymerization method as described in Japanese Patent Application Laid-open No. 160956/
1998 were compared with those for a POF manufactured by the continuous conjugate spinning method. In both cases
of those POFs, the outer diameter and the clad thickness were set to be 750 um and 10 um, respectively, and X =
0.837 and Y = 0.7. The observation of the cross-sections of those POFs under a microscope, however, revealed that,
while, in the POF manufactured by the rotational polymerization method, there was formed a compatibly blended layer
with a thickness of 21um around the interface between layers of the first core and the second core, in the POF man-
ufactured by the continuous conjugate spinning method, there was found no compatibly blended layer. When the trans-
mission bandwidths for these POFs were measured in 50 m transmission under the condition of all mode launch, the
bandwidth for the POF manufactured by the rotational polymerization method was 710 MHz, although the bandwidth
for the POF manufactured by the continuous conjugate spinning method was 344 MHz. Further, when a Sl type POF
with a single-layered core in which, as the core material and the clad material, the inner core layer material and the
clad material of the afore-mentioned POF were utilized, respectively, and the outer diameter and the clad thickness
thereof were set to be 750 um and 10 um, respectively, was used as the reference POF, that is, the transmission power
of this reference POF was taken to be 1, the relative transmission power of the afore-mentioned POFs having a first
core and a second core was measured, using a light source with a launch NA of 0.6. Thereat, the transmission power
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of the POF manufactured by the rotational polymerization method was 0.65. In contrast with this, the transmission
power of the POF manufactured by the continuous conjugate spinning method was 0.81.

DISCLOSURE OF THE INVENTION

[0007] An object of the present invention is to provide a plastic optical fiber and a plastic optical fiber cable, with a
high transmission power and a wide bandwidth. Another object of the present invention is to provide an optical trans-
mission device which can transmit signals at high speed.
[0008] The present invention relates to a plastic optical fiber having a first core, a second core with a different re-
fractive index from the first core, disposed concentrically on the outside of the first core, and a clad disposed concen-
trically on the outside of the second core, wherein:

aratio X (r4/r,) of afirst core radius r, to a second core radius r, and a ratio Y (ny/n) of a refractive index difference
n, between the second core and the clad to a refractive index difference n between the first core and the clad are in
a range where the following Expressions

Y =-1.134 X+ 1.0518 1)

X = -1.4842 Y% +1.1097 Y + 0.7097 2)
are satisfied, and besides
Y<040rXz=0.76

is satisfied (only excepting that X = 0.8 and Y = 0.35 as wellas X =0.8 and Y = 0.45).
[0009] Further, the present invention relates to a plastic optical fiber having a first core, a second core with a different
refractive index from the first core, disposed concentrically on the outside of the first core, and a clad disposed con-
centrically on the outside of the second core, wherein:

aratio X (r4/r,) of afirst core radius r, to a second core radius r, and aratio Y (n,/n,) of a refractive index difference
n, between the second core and the clad to a refractive index difference n, between the first core and the clad are in
a range where the following Expressions

Y =-1.134 X + 1.0518 (1)

X = - 1.4842 Y% + 1.1097 Y + 0.7097 )
Y=07 (3)

X=05 (4)

are satisfied (only excepting that X=0.8 and Y = 0.35; X=0.8 and Y = 0.45 as wellas X = 0.6 and Y = 13/22).
[0010] Further, the present invention relates to a plastic optical fiber having a first core, a second core with a different
refractive index from the first core, disposed concentrically on the outside of the first core, and a clad disposed con-
centrically on the outside of the second core, wherein:

aratio X (r4/r,) of afirst core radius r, to a second core radius r, and aratio Y (n,/n4) of a refractive index difference
n, between the second core and the clad to a refractive index difference n, between the first core and the clad are in
a range where the following Expressions

Y =-3.333X+3.1 (5)
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Y =25X-1.625 (6)
Y = -0.833 X +0.975 (7)
Y = -1.429 X + 1.386 (8)
Y=05 9)
Y = 0.35 (10)

are satisfied.
[0011] Further, the present invention relates to a plastic optical fiber having a first core, a second core with a different
refractive index from the first core, disposed concentrically on the outside of the first core, and a clad disposed con-
centrically on the outside of the second core, wherein:

aratio X (r4/r,) of afirst core radius r, to a second core radius r, and aratio Y (n,/n,) of a refractive index difference
n, between the second core and the clad to a refractive index difference n, between the first core and the clad are in
a range where the following Expressions

Y = -1.429 X + 1.429 (11)
Y=-25X+24 (12)
Y=05 (13)
Y=04 (14)

are satisfied.
[0012] Further, the present invention relates to a plastic optical fiber having a first core, a second core with a different
refractive index from the first core, disposed concentrically on the outside of the first core, and a clad disposed con-
centrically on the outside of the second core, wherein:
aratio X (r4/r,) of afirst core radius r, to a second core radius r, and a ratio Y (n,/n) of a refractive index difference
n, between the second core and the clad to a refractive index difference n, between the first core and the clad are in
a range where the following Expression
(X - 0.707)* )2

+(Y - 0.5)% = 0.0004 (15)

is satisfied.
[0013] Further, the presentinvention relates to a plastic optical fiber having a first core, a second core with a different
refractive index from the first core, disposed concentrically on the outside of the first core, and a clad disposed con-
centrically on the outside of the second core, wherein:
aratio X (r4/r,) of afirst core radius r, to a second core radius r, and a ratio Y (n,/n) of a refractive index difference
n, between the second core and the clad to a refractive index difference n, between the first core and the clad are in
a range where the following Expression
(X - 0.775)° )2

+(Y - 0.4)% = 0.0004 (16)
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is satisfied.
[0014] Further, the present invention relates to any optical fiber as set forth above, wherein:

the first core and the second core are each composed of one kind of polymer;

a compatibly blended layer of a polymer blend which consists of polymers constituting neighboring layers, respec-
tively, is each formed between layers of the first core and the second core and between layers of the second core
and the clad; and

a thickness of either of said compatibly blended layers is not greater than 10um.

[0015] Further, the present invention relates to a plastic optical fiber having a first core, a second core with a different
refractive index from the first core, disposed concentrically on the outside of the first core, and a clad disposed con-
centrically on the outside of the second core, wherein:

aratio X (r4/r,) of afirst core radius r, to a second core radius r, and aratio Y (n,/n,) of a refractive index difference
n, between the second core and the clad to a refractive index difference n, between the first core and the clad are in
a range where the following Expressions

Y = -1.134X + 1.0518 (1)

X = -1.4842 Y2 + 11097 Y + 0.7097 2
Y =07 3)

X=05 (4)

are satisfied;

the first core and the second core are each composed one kind of polymer,

a compatibly blended layer of a polymer blend which consists of polymers constituting neighboring layers, respec-
tively, is each formed between layers of the first core and the second core and between layers of the second core
and the clad; and

a thickness of either of said compatibly blended layers is not greater than 10 um.

[0016] Further, the present invention relates to any plastic optical fiber as set forth above, wherein a compatibly
blended layer of a polymer blend which consists of polymers constituting neighboring layers, respectively, is not formed,
at least, either between layers of the first core and the second core or between layers of the second core and the clad.
[0017] Further, the present invention relates to any plastic optical fiber as set forth above, wherein a— 3 dB band-
width measured at a fiber length of 50 m under the condition of all mode launch is not less than 400 MHz.

[0018] Further, the present invention relates to a plastic optical fiber cable comprising any plastic optical fiber as set
forth above, the outer surface of which is coated with a resin.

[0019] Further, the present invention relates to an optical transmission device, comprising any plastic optical fiber
or plastic cable as set forth above, a light emitting element with a launch NA of not less than 0.3, disposed at one end
thereof and an optical receiver disposed at the other end thereof.

[0020] Further, the present invention relates to an optical transmission device, comprising:

a plastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,
wherein: a ratio X (r4/r,) of a first core radius r, to a second core radius r, and a ratio Y (n,/n) of a refractive index
difference n, between the second core and the clad to a refractive index difference ni between the first core and
the clad are in a range where the following Expressions

Y =-1.134 X +1.0518 1
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X = -1.4842 Y% +1.1097 Y + 0.7097 2)
Y=07 (3)
X =05 4)

are satisfied;

a light emitting element with a launch NA of not less than 0.3, disposed at one end of the plastic optical fiber; and
an optical receiver disposed at the other end of the plastic optical fiber.

[0021] According to the present invention, there can be provided a POF with a double-layered core, having a high
transmission power and a wide bandwidth. Further, there can be provided an optical transmission device capable to

transmit signals at high speed.

BRIEF DESCRIPTION OF THE DRAWINGS

[0022]

Fig. 1 is a graph showing the relative bandwidth versus the ratio X of core radius for the ratio Y of refractive index
difference of 0.5, which is obtained by a simulation.

Fig. 2 is a graph showing the relative bandwidth versus the ratio X of core radius for the ratio Y of refractive index
difference of 0.6, which is obtained by a simulation.

Fig. 3 is a graph showing the relative bandwidth versus the ratio X of core radius for the ratio Y of refractive index
difference of 0.4, which is obtained by a simulation.

Fig. 4 is a diagram showing a preferable range for the ratio X of core radius and the ratio Y of refractive index
difference of the POF.

Fig. 5 is a cross-sectional view showing one example of a conjugate spinning nozzle used for fabrication of a
plastic optical fiber according to the present invention.

Fig. 6 is a graph showing the relative bandwidth versus the ratio X of core radius for the ratio Y of refractive index
difference of 0.35, which is obtained by a simulation.

Fig. 7 is a diagram showing a preferable range for the ratio X of core radius and the ratio Y of refractive index
difference of the POF.

BEST MODE FOR CARRYING OUT THE INVENTION

[0023] A POF of the present invention has a first core, a second core with a different refractive index from the first
core, disposed concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the
second core (such a core in structure as having a first core and a second core is referred to as "a double-layered core"
hereinafter).

[0024] To reduce the scattering loss of the POF, it is preferable that the first core and the second core are each
composed of one kind of polymer, and more preferable that, in addition, the clad is also composed of one kind of
polymer. On such an occasion, a small amount of a known low molecular compound can be added into the polymer
so as to control the refractive index profile without unduly increasing the scattering loss. In the POF of the present
invention, between layers of the first core and the second core and between layers of the second core and the clad,
there may be each formed a compatibly blended layer of a polymer blend which consists of polymers constituting
neighboring layers, respectively. Nevertheless, to reduce the scattering loss of the POF, the thinner the compatibly
blended layer is, the better it is. The thickness thereof is preferably not greater than 10 um, more preferably not greater
than 3um, and still more preferably not greater than 1um. Viewed from the point of scattering loss reduction in the POF,
it is particularly preferable if no compatibly blended layer is formed at all.

[0025] Fig. 1 to Fig. 3 show the results of simulation for a POF with a double-layered core, representing the depend-
ences of the relative bandwidth on the ratio X of core radius for the ratio Y of each refractive index difference of 0.5,
0.6 and 0.4, in which the value of the bandwidth was each obtained by calculation with the ratio X of core radius and
the ratio Y of refractive index difference being varied. This simulation was made for a POF in which no compatibly
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blended layer is formed either between layers of the first core and the second core or between layers of the second
core and the clad. Hereat, the relative bandwidth in Fig. 1 to Fig. 3 is normalized by taking the maximum value of the
bandwidth for Y of 0.5 to be 1. For the above simulation, the technique described in "Multimode theory of gradedcore
fibers", The Bell System Technical Journal, Vol. 52, No. 9, pp. 1563-1578 (1973) by D. Gloge and E. A. J. Marcaitili,
was employed.

[0026] Now, in the case of a digital transmission system designed for a POF with a relative bandwidth of 1, if the
relative bandwidth of the POF becomes narrower than 1, distortion of pulses may arise and bring about the interference
between adjacent codes. In this transmission system, if acceptable distortion of pulses (change of the rise time) caused
by the POF is up to 1.4 times, the relative bandwidth of the POF that is required must be equal to or greater than 1/1.4
(=0.7). In this case, therefore, relative bandwidth of 0.7 or greater (in other words, in the range where the bandwidth
is, at least, 70 % of the maximum bandwidth) can be regarded as the preferable bandwidths. As seen in Fig. 1 to Fig.
3, when Y = 0.5, the preferable range for X is 0.89 or less; when Y = 0.6, the preferable range for X is 0.86 or less;
and when Y = 0.4, the preferable range for X is a range not greater than 0.34 and a range not less than 0.52 but not
greater than 0.91.

[0027] Next, from the viewpoint of optical transmission power, the preferable range for the ratio X of core radius and
the ratio Y of refractive index difference is described. In an optical transmission device comprising a light source dis-
posed at one end of a POF and an optical receiver disposed at the other end thereof, a light source with a large launch
NA (NA for emission light) is preferably employed so as to increase the quantity of light incident on the POF. The launch
of NA of the light source is preferably 0.3 or greater or more preferably 0.4 or greater. As the light source, any known
light source such as a LD (Laser Diode), a LED (Light Emitting Diode) or the like can be used, but an inexpensive,
mass-produced LED is preferably used. If the POF has a small cross-sectional area for the inner layer core, hereat, a
quantity of light possible to be coupled thereinto becomes small. In consequence, for optical communication, either a
transmissible distance becomes shorter or, if a POF with the same length is utilized, accurate recognition of received
signals becomes difficult so that the transmissible signal speed in the optical transmission device becomes lowered.
Accordingly, in the present invention, the ratio X of core radius is set to be not less than 0.5, and preferably in the range
between 0.5 and 0.78 or not less than 0.82. Further, to obtain a still higher transmission power, the ratio X of core
radius is set to be preferably not less than 0.76 and more preferably not less than 0.775.

[0028] When a POF with a double-layered core is subjected to all mode launch, the light propagating inside the core
contains rays traveling only through the inner layer core and rays going and coming both the outer layer core and the
inner layer core. In effect, the rays within the core propagate, reflecting from the interface between the inner layer core
and outer layer core and the interface between the outer layer core and the clad. Since the material with relatively
insufficient refinement is often utilized as the clad material for the sake of cost and, therefore, the clad material has
normally a lower transparency than the core material, the rays making total reflection from the interface between the
clad and the core receive greater loss which results from interface mismatch than the rays making total reflection from
the interface between the inner layer core and the outer layer core. Accordingly, in order to make more rays travel only
through the inner layer core and enhance the transmission power, in a POF of the present invention, the ratio Y of
refractive index difference is set to be not greater than 0.7 and preferably in the range not greater than 0.33 or between
0.37 and 0.7. For the purpose of achieving a still higher transmission power, the ratio Y of the refractive index difference
is preferably set to be not greater than 0.4 or below 0.4.

[0029] The refractive index difference n, between the first core and the clad is not specifically limited. However, the
numerical aperture of the POF is preferably set to be not greater than 0.4 to secure an appropriate bandwidth perform-
ance so that the refractive index difference n, is preferably set to be in the range not greater than 0.056.

[0030] Fig. 4 shows a preferable range for the ratio X of core radius and the ratio Y of refractive index difference.
The range shown in Fig. 4 is a range where the following Expressions (1) to (4) are satisfied (only excepting that X =
0.8andY=0.35;X=0.8and Y =0.45aswellas X=0.6 and Y = 13/22).

Y =-1.134 X + 1.0518 (1

X = -1.4842 Y2 + 11097 Y + 0.7097 2
X=05 3)

Y =07 (4)
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[0031] Withthe above expressions satisfied, even when applied to an optical transmission device using a light source
with a launch NA as large as 0.3 or more, it is possible to provide a POF with a double-layered core, having a relatively
high transmission power and a sufficiently wide bandwidth. In order to obtain a still higher transmission power, X and
Y are preferably set to be in a range where Expressions (1) and (2) are satisfied and, at the same time, X = 0.76 or
either Y = 0.4 or Y < 0.4 is satisfied (only excepting that X=0.8 and Y = 0.35 as well as X = 0.8 and Y = 0.45), in other
words, in a range of the shadowed region of Fig. 4.

[0032] A POF of the present invention is formed in such a way as described above that- 3 dB bandwidth thereof at
a fiber length of 50 m, measured under the condition of all mode launch, is 400 MHz or higher. In recent years, an
inexpensive LED with a bandwidth of 400 MHz or so has been developed and an inexpensive POF applicable to this
LED has been looked for. A POF with a double-layered core of the present invention can demonstrate excellent per-
formance for this very bandwidth.

[0033] Although the afore-mentioned POF is well suited for relatively long-haul optical transmission with a fiber length
of 50 m or so, it is very often utilized, in practice, within a length of 20 m for in-house optical communication. When the
afore-mentioned POF is applied to optical transmission within a length of 20 m, more amply sufficient power can be
secured as an optical transmission power than when applied to 50 m length optical transmission.

[0034] Further, for the afore-mentioned POF, the preferable range of the bandwidth is set to be a range where the
bandwidth is, at least, 70 % of the maximum bandwidth, but the more preferable range is a range where the bandwidth
is, at least, 95 % of the maximum bandwidth. Simulation results shown in Fig. 1, Fig. 3 and Fig.6 indicate that the range
where the bandwidth that is equal to or greater than 95 % of the maximum bandwidth can be secured is as follows;
that is, when Y = 0.5, a range for X is between 0.62 and 0.78; when Y = 0.4, a range for X is between 0.69 and 0.81;
and when Y = 0.35, a range for X is between 0.75 and 0.79, respectively.

[0035] Accordingly, to secure the bandwidth that is at least 95 % of the maximum bandwidth, X and Y are preferably
set to be within a region where the following Expressions (5) to (10) define (a region defined by the outer borderlines
in Fig.7).

Y =-3.333 X+ 3.1 (5)
Y = 25X-1.625 (6)
Y = -0.833 X + 0.975 7
Y = - 1.429 X + 1.386 (8)
Y=05 9)

Y =0.35 (10)

[0036] Further, on the basis of simulation results shown in Fig. 1 and Fig. 3, this region includes a range of X between
0.65 and 0.76 for Y = 0.5 and a range of X between 0.72 and 0.80 for Y = 0.4. Accordingly, to secure the bandwidth
that is at least 98 % of the maximum bandwidth, X and Y are preferably set to be within a region where the following
Expressions (11) to (14) define (a region defined by the inner borderlines in Fig.7).

Y = -1.429 X + 1.429 (11)
Y=-25X+24 (12)
Y=05 (13)
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Y=04 (14)

[0037] Further, when Y = 0.5, the point showing the maximum bandwidth is at X = 0.707 so that the bandwidth can
be set the highest by setting X and Y in the vicinity of this point.

[0038] Accordingly, it is particularly preferable that X and Y are set to be within the range satisfying the following
Expression (15).

(X-0.707 ) + (Y - 0.5)% < 0.0004 (15)

[0039] Similarly, when Y = 0.4, the point showing the maximum bandwidth is at X = 0.775 so that the bandwidth can
be set the highest by setting X and Y in the vicinity of this point.

[0040] Accordingly, it is particularly preferable that X and Y are set to be within the range satisfying the following
Expression (16).

(X-0.775)% + (Y - 0.4 )* = 0.0004 (16)

[0041] Next, materials for the POF with a double-layered core of the present invention are described.

[0042] With respect to materials of the first core and the second core which form the double-layered core of the
present invention, it is for example, possible to use polymers selected appropriately, according to the refractive index
to be aimed, from the group consisting of homopolymers that can be obtained by polymerizing respective uniform
monomers mentioned below and copolymers that can be obtained by copolymerizing two or more different kinds of
those monomers. Thereat, materials should be selected so as to make the refractive index of the first core higher than
that of the second core.

[0043] As for monomers being used to yield the core materials of the present invention, vinyl monomers that can be
readily made to form large molecules through radical polymerization are preferable, with industrial production consid-
ered. The monomers of this sort include methyl methacrylate, benzyl methacrylate, phenyl methacrylate, vinyl ben-
zoate, styrene, 1-phenylethyl methacrylate, 2-phenylethyl methacrylate, diphenylmethyl methacrylate, 1, 2-diphenyle-
thyl methacrylate, 1-bromoethyl methacrylate, benzyl acrylate, o,a-dimethylbenzyl methacrylate, 4-fluorostylene,
2-chloroethyl methacrylate, isobornyl methacrylate, adamantyl methacrylate, tricyclodecyl methacrylate, 1-methylcy-
clohexyl methacrylate, 2-chlorocyclohexyl methacrylate, 1,3-dichloropropyl methacrylate, 2-chloro-1-chloromethyle-
thyl methacrylate, bornyl methacrylate, cyclohexyl methacrylate, allyl methacrylate, tetrahydrofurfuryl methacrylate,
vinyl chloroacetate, glycidyl methacrylate, methyl- a-chloroacrylate, 2,2,2-trifluoroethyl methacrylate, 2,2,3,3-tetrafluor-
opropyl methacrylate, 2,2,3,3,3-pentafluoropropyl methacrylate, 2,2,2-trifluoro-1-trifluoromethylethyl methacrylate,
2,2,3,4,4,4-hexafluorobutyl methacrylate, 2,2,3,3,4,4,5,5-octafluoropentyl methacrylate, 2,2,2-trifluoroethyl-a-fluoro-
acrylate, 2,2,3,3-tetrafluoropropyl- a-fluoroacrylate, 2,2,3,3,3-pentafluoropropyl-o-fluoroacrylate, 2,2,3,3,4,4,5,5-oc-
tafluoropentyl-o-fluoroacrylate, 2,4-difluorostyrene, vinyl acetate, tert-butyl methacrylate, isopropyl methacrylate, hex-
adecyl methacrylate, isobutyl methacrylate, a-trifluoromethyl acrylate, B-fluoroacrylate, B,B-difluoroacrylate, B-trifluor-
omethyl acrylate, B, B-bis (trifluoromethyl) acrylate, a-chloroacrylate and so forth.

[0044] In particular, homopolymers of methyl methacrylate (abbreviated as PMMA hereinafter) are preferably used
for the first core, because they can provide a relatively low-loss POF. Here, for the second core, copolymers of methyl
methacrylate and fluorinated alkyl (meta) acrylate may be employed, and especially copolymers of methyl methacrylate
and 2,2,3,3-tetrafluoropropyl methacrylate are preferably employed owing to their low-loss characteristic. A relatively
low-loss POF can be also obtained when copolymers of benzyl methacrylate and methyl methacrylate are utilized for
the first core and PMMA, for the second core.

[0045] Regarding the clad materials used in the present invention, known polymers may be employed. For example,
copolymers made of two or more different kinds of the above monomers, vinylidene fluoride based copolymers or the
like can be utilized. For the clad material, polymers having a refractive index smaller than the one of the second core
should be selected.

[0046] For a POF with a double-layered core of the present invention, a protective layer may be set around the clad
layer. With this protective layer additionally set, mechanical characteristics such as a bending strength of the POF can
be improved and protection of the clad material against damage can be provided. As the material of the protective
layer, a material with a refractive index lower than the one of the clad layer is preferably used. For example, copolymers
obtained by copolymerizing two or more different kinds of monomers selected from the group consisting of vinylidene
fluoride, tetrafluoroethylene and hexafluoropropylene may be preferably used. The thickness of the protective layer
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may be set appropriately, but preferably in the range not less than 10 um but not greater than 400 um.

[0047] Next, a method of manufacturing a POF of the present invention is described.

[0048] A POF of the present invention can be manufactured in the same way as carried out by the ordinal manufac-
turing method of a POF having a normal concentric multi-layered conjugate structure.

[0049] In manufacturing a POF of the present invention, to achieve easy control over the thickness of a compatibly
blended layer, a conjugate spinning method is preferably employed. Among conjugate spinning methods, the ram-
extrusion conjugate spinning method, the continuous conjugate spinning method or the like can be preferably used.
[0050] The ram-extrusion conjugate spinning method is a method which comprises steps of forming one rod each
for every polymer that is to form a first core, a second core, a clad and, if required, a protective layer; inserting one rod
each into any one of cylinders; extruding molten polymer of each rod by thrusting from one end of the cylinder by a
piston, while melting the rod at the other end of the cylinder; feeding a polymer at a given amount each to any one of
a first core material inlet 1, a second core material inlet 2, a clad material inlet 3 and a protective layer material inlet 4
of a conjugate spinning nozzle with a structure illustrated in Fig. 5; forming a multi-layered structure by forming a layer
of each polymer to a prescribed thickness in succession and thereafter discharging a fabricated filament from the
nozzle. The discharged filament is cooled while being taken up at a constant speed.

[0051] The continuous conjugate spinning method is a method which comprises steps of melting continuously, by
an extruder, polymers each of which is to form a layer; carrying out devolatilization if circumstances require and there-
after feeding the polymers each at a given amount to a conjugate spinning nozzle as shown in Fig. 5 in the same way
as described above; forming a multi-layered structure by forming a layer of each polymer to a prescribed thickness in
succession and thereafter discharging a formed filament from the nozzle. The discharged filament is cooled while being
taken up at a constant speed.

[0052] When a POF is manufactured by a conjugate spinning method of this sort, through an adjustment of the
melting contact time period in the spinning nozzle for each polymer that is to form a layer, the interpenetrating diffusion
length of polymers can be regulated and, consequently, the thickness of a compatibly blended layer can be controlled.
[0053] In order to improve mechanical characteristics, a once-formed POF is, if necessary, subjected to a thermal
drawing treatment either consecutively after spinning or after being wound up completely.

[0054] Next, a POF cable of the present invention is described.

[0055] A POF cable of the present invention is a thing in which a coating is applied onto the outer surface of a POF
that consists of a double-layered core and a clad, obtained as described above, or a POF in which a protective layer
is further formed around a clad. A POF cable formed by an application of a coating has gained advantages that handling
and distinction of thin POFs become easier, and protection against mechanical damage such as damage caused by
external force as well as heat resistance and moisture resistance can be provided and besides the outside light can
be prevented from penetrating thereinto.

[0056] The thickness of the coating material is appropriately determined, according to the prescribed diameter of the
POF and the prescribed outer dimension of the POF cable, but is normally selected within the range not less than 0.2
mm but not greater than 1.5 mm.

[0057] In general, as the coating material, a thermoplastic resin including a vinyl chloride resin, a polyamide resin
and a polyolefine resin such as polyethylene can be utilized. Further, ethylene/vinyl acetate copolymers, a polymer
blend of ethylene/vinyl acetate copolymers and a vinyl chloride resin can be preferably used as the coating material.
As the coating materials, these resins are preferable because of their softness and low resistance against bending
stress.

[0058] Application of a coating material onto the outer surface of the POF can be carried out by a known method of
manufacturing a POF cable. For instance, while a POF is passed through a coating die, a molten coating material is
applied to coat around that with a prescribed thickness, and thereby a POF cable can be manufactured.

Examples

(POF with a ratio of refractive index difference Y = 0.5)

[0059] For a POF having a double-layered core with a ratio Y of refractive index difference of 0.5, polymethylmeth-
acrylate (PMMA) was used for a first core, and a binary copolymer of 2,2,3,3-tetrafluoropropyl methacrylate (4FM) and
methyl methacrylate (MMA) with a weight percentage of 4FM being 20 % by weight was used for a second core, and
a copolymer of 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10-heptadecafluorodecyl methacrylate (17FM) / styrene / methyl meth-
acrylate =33/6/61 (% by weight) was used for a clad, and thereby a POF with a diameter of 750 um was manufactured.
The thickness of the clad, thereat, was set to be 10 um. The refractive indices of layers were 1.491, 1.476 and 1.461
for the first core, the second core and the clad, respectively. The ratio Y of refractive index difference was, hereat, 0.5.
Although the cross-section of this POF was observed under a microscope, any compatibly blended layer was not seen
either between layers of the first core and the second core or between layers of the second core and the clad, indicating
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any substantial compatibly blended layer was not formed.

[0060] Fabrication of a POF was carried out by making conjugation of polymers each of which was the material of
a layer, through the use of a conjugate spinning nozzle with a structure shown in Fig. 5, so as to form a concentric
multi-layered structure wherein each layer has its own prescribed thickness, and thereafter making the filament dis-
charge from the nozzle and cool while being taken up at a constant speed, and subsequently doubling the length by
means of drawing at a drawing temperature of 145 °C and then being wound up.

[0061] Using this method described herein, several POFs with a ratio Y of refractive index difference of 0.5 and
various ratios X of core radius shown in Table 1 were manufactured. The layer thickness of each layer was controlled
by regulating the ratio of discharged amount of polymers from the nozzle, the discharge speed, the spinning speed
and the drawing ratio. The ratio of core area listed in Table 1 represents the ratio of cross-sectional area of the first
core and the second core, and, for example, 30/ 70 indicates that the ratio of the first core cross-sectional area to the
second core cross-sectional area is 30 to 70.

[0062] The bandwidths and relative bandwidths for various ratios of core radius are shown in Table 1. The bandwidths
in the table represent the bandwidths measured for various fabricated POFs under the condition of all mode launch,
using an optical sampling oscilloscope (detector) manufactured by Hamamatsu Photonics Co., Ltd. and a light source
with an emission wavelength of 650 nm. The POFs used in the measurements were 50 m in length. Further, the relative
bandwidths are normalized with respect to the bandwidth of a POF having a ratio of core area of 50 / 50 (the ratio of
core radius is 0.707).

Table 1
Y=05
Ratio of core area | Ratio of core radius X | Bandwidth | Relative bandwidth
[MHZz]

Example 1 30/70 0.548 488 0.90
Example 2 40/60 0.632 520 0.96
Example 3 50/50 0.707 540 1.00
Example 4 60 /40 0.775 511 0.95
Example 5 70/30 0.837 452 0.84
Case 1 for comparison 80/20 0.894 371 0.69
Case 2 for comparison 90/10 0.949 227 0.42

(POF with a ratio of refractive index difference Y = 0.4)

[0063] Except that a binary copolymer of 2,2,3,3-tetrafluoropropyl methacrylate (4FM) and methyl methacrylate
(MMA) with a weight percentage of 4FM being 24 % by weight was used for a second core, a POF with a ratio Y of
refractive index difference of 0.4 was manufactured in the same way as the afore-mentioned POF with a ratio Y of
refractive index difference of 0.5. The refractive index of the second core thereof was 1.473.

[0064] The results of the measurements of the bandwidths and relative bandwidths for various ratios of core radius
are shown in Table 2.

Table 2
Y=04
Ratio of core area | Ratio of core radius X | Bandwidth | Relative bandwidth
[MHz]

Case 3 for comparison 30/70 0.548 395 0.69
Example 6 40/60 0.632 467 0.86
Example 7 50/50 0.707 522 0.96
Example 8 60/40 0.775 541 1.00
Example 9 70/30 0.837 480 0.89
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Table 2 (continued)

Y=04
Ratio of core area | Ratio of core radius X | Bandwidth | Relative bandwidth
[MHz]
Example 10 80/20 0.894 395 0.73
Case 4 for comparison 90/10 0.949 308 0.57

(POF with a ratio of refractive index difference Y = 0.25)

[0065] Except that a binary copolymer of 2,2,3,3-tetrafluoropropyl methacrylate (4FM) and methyl methacrylate
(MMA) with a weight percentage of 4FM being 30 % by weight was used for a second core, a POF with a ratio Y of
refractive index difference of 0.25 was manufactured in the same way as the afore-mentioned POF with a ratio Y of
refractive index difference of 0.5. The refractive index of the second core thereof was 1.4685.

[0066] The results of the measurements of the bandwidths and relative bandwidths for various ratios of core radius
are shown in Table 3.

Table 3
Y =0.25
Ratio of core area | Ratio of core radius X | Bandwidth [MHz] | Relative bandwidth
Example 11 50 /50 0.707 389 0.72
Example 12 60 /40 0.775 432 0.80
Example 13 70/30 0.837 430 0.80
Example 14 80/20 0.894 388 0.72

[0067] The above results confirm the POFs of the present invention can provide wide transmission bandwidths.
(Evaluation of optical transmission power (relative emission power))

[0068] Next, a light sent forth from a LED with a numerical aperture of 0.6 was coupled into the afore-mentioned
fabricated POFs, 50 m in length, and the quantities of emission light thereat were measured.

[0069] When an emission power of a reference POF manufactured separately was taken to be 1, the quantities of
emission light obtained were expressed as relative emission powers, and a comparison of these quantities was made.
[0070] As the reference POF, a Sl-type POF having a single-layered core was employed. For the core material of
this reference POF, the inner layer core material (PMMA) described above was utilized and for the clad material, a
clad material similar to the clad material of above POF with a well double-layered core was utilized. As the above POF
with a double-layered core, the outer diameter and the clad thickness of the POF were set to be 750 um and 10 um,
respectively.

[0071] The results of the measurements of the relative emission power for various fabricated POFs are shown in
Table 4.

[0072] Table 4 shows, in the cases that Y is 0.4 or less, the emission powers thereof can be kept, at least, 75 % of
the emission power of the reference POF. Further, when the ratio X of core radius is 0.775 or higher, the emission
power can also maintain high level.

[0073] Further, even if POFs have wide bandwidths, they may have low emission powers, as Table 4 shows clearly
in the cases of POFs whose ratios Y of refractive index difference are 0.5 and ratios X of core radius are 0.548 and
0.632, respectively, the relative emission powers are as small as 0.69 or less.
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Table 4
Ratio of core area | Ratio of core radius Relative emission power
X
Ratio of refractive Ratio of refractive Ratio of refractive
index difference Y = index difference Y = index difference Y =

0.5 0.4 0.25
30/70 0.548 0.64 — —
40/ 60 0.632 0.69 0.75 —
50 /50 0.707 0.75 0.79 0.87
60 /40 0.775 0.80 0.84 0.90
70/30 0.837 0.85 0.88 0.92
80/20 0.894 0.90 0.92 0.95
90/10 0.949 0.95 — —

(Presence of a compatibly blended layer and transmission bandwidth)

[0074] Comparison was made between bandwidths of POF manufactured by the same rotational polymerization
method as described in Japanese Patent Application Laid-open No. 160956/ 1998 and a POF manufactured by the
continuous conjugate spinning method. In both cases of those POFs with double-layered core fabricated hereat, the
outer diameter and the clad thickness were set to be 750 um and 10 um, respectively, and X = 0.837 and Y = 0.7.
While, in the POF manufactured by the rotational polymerization method, a compatibly blended layer with a thickness
of 21 um was observed, under a microscope, in the vicinity of the interface between the first core and the second core,
in the POF manufactured by the continuous conjugate spinning method, no compatibly blended layer was observed.
[0075] The transmission bandwidths and relative emission powers for these were measured under the same condi-
tions as described above. The bandwidth and the relative emission power for the POF manufactured by the rotational
polymerization method were 210 MHz and 0.71, respectively. As against these, the bandwidth and relative emission
power for the POF manufactured by the continuous conjugate spinning method were 480 MHz and 0.89, respectively.
[0076] This shows that even if X and Y are each set to be one and the same value, a POF in which no compatibly
blended layer is formed can obtain transmission bandwidth and transmission power of better quality.

(Evaluation of POF cable)

[0077] Further, using a crosshead type coating apparatus, polyethylene melted at a temperature of 150 °C was
applied onto the external surface of the above POF to provide a coating and thereby a POF cable with an outside
diameter of 2.2 mm was obtained. The POF cable obtained by making use of a POF of the present invention similarly
demonstrated to have a wide bandwidth and a high emission power.

(Evaluation of optical transmission device)

[0078] A POF cable obtained as described above was cut at 50 m. Using a LED with an emission wavelength of 650

nm as a light source, this light source with a launch NA of 0.3 was disposed at one end of the POF cable and a

photodiode was disposed as an optical receiver at the other end, and then signals of 400 MHz were transmitted. A

POF cable of the present invention successfully proved its excellent capability in signal transmission.

Claims

1. Aplastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,

wherein:

a ratio X (r4/r,) of a first core radius ry to a second core radius r, and a ratio Y (n,/n,) of a refractive index
difference n, between the second core and the clad to a refractive index difference ny between the first core

13



10

15

20

25

30

35

40

45

50

55

EP 1310 807 A1

and the clad are in a range where the following Expressions

Y =-1.134 X + 1.0518 (1)

X = -1.4842 Y2 +1.1097 Y + 0.7097 (2)
are satisfied, and besides
Y<040rX=0.76

is satisfied (only excepting that X =0.8 and Y = 0.35 as well as X = 0.8 and Y = 0.45).

A plastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,
wherein:

a ratio X (r4/r,) of a first core radius ry to a second core radius r, and a ratio Y (n,/n;) of a refractive index
difference n, between the second core and the clad to a refractive index difference n, between the first core
and the clad are in a range where the following Expressions

Y = -1.134 X + 1.0518 (1)

X = -1.4842 Y% + 1.1097 Y + 0.7097 2)
Y =07 (3)

X=z05 (4)

are satisfied (only excepting that X=0.8 and Y =0.35; X=0.8and Y =0.45 as wellas X=0.6 and Y = 13/22).

A plastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,
wherein:

a ratio X (r4/r,) of a first core radius r to a second core radius r, and a ratio Y (n,/n,) of a refractive index
difference n, between the second core and the clad to a refractive index difference ny between the first core
and the clad are in a range where the following Expressions

Y =-3.333X+3.1 (5)
Y = 25X-1.625 (6)
Y = -0.833 X + 0.975 7)
Y =-1.429 X + 1.386 (8)
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Y=05 )

Y = 0.35 (10)

are satisfied.

A plastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,
wherein:

a ratio X (r4/r,) of a first core radius ry to a second core radius r, and a ratio Y (n,/n;) of a refractive index
difference n, between the second core and the clad to a refractive index difference ny between the first core
and the clad are in a range where the following Expressions

Y = -1.429 X + 1.429 (11)
Y=-25X+24 (12)
Y=05 (13)
Y=04 (14)

are satisfied.

A plastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,
wherein:

a ratio X (r4/r,) of a first core radius ry to a second core radius r, and a ratio Y (n,/n;) of a refractive index
difference n, between the second core and the clad to a refractive index difference ny between the first core
and the clad are in a range where the following Expression

(X - 0.707)> )2

+(Y - 0.5)° = 0.0004 (15)

is satisfied.

A plastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,
wherein:

a ratio X (r4/r,) of a first core radius ry to a second core radius r, and a ratio Y (n,/n;) of a refractive index
difference n, between the second core and the clad to a refractive index difference n, between the first core
and the clad are in a range where the following Expression

(X - 0.775)° )2

+(Y - 0.4)° = 0.0004 (16)

is satisfied.

A plastic optical fiber having a first core, a second core with a different refractive index from the first core, disposed
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concentrically on the outside of the first core, and a clad disposed concentrically on the outside of the second core,
wherein:

a ratio X (r4/r,) of a first core radius ry to a second core radius r, and a ratio Y (n,/n;) of a refractive index
difference n, between the second core and the clad to a refractive index difference n, between the first core
and the clad are in a range where the following Expressions

Y = - 1.134X + 1.0518 (1)

X = -1.4842 Y2 + 1.1097 Y + 0.7097 2)
Y =07 (3)

X=z=05 (4)

are satisfied;

the first core and the second core are each composed of one kind of polymer;

a compatibly blended layer of a polymer blend which consists of polymers constituting neighboring layers,
respectively, is each formed between layers of the first core and the second core and between layers of the
second core and the clad; and

a thickness of either of said compatibly blended layers is not greater than 10 um.

The plastic optical fiber according to any claim among Claims 1 to 6, wherein :

the first core and the second core are each composed of one kind of polymer;

a compatibly blended layer of a polymer blend which consists of polymers constituting neighboring layers,
respectively, is each formed between layers of the first core and the second core and between layers of the
second core and the clad; and

a thickness of either of said compatibly blended layers is not greater than 10 um.

The plastic optical fiber according to Claim 7 or 8, wherein a thickness of either of said compatibly blended layers
is not greater than 1 um.

The plastic optical fiber according to any claim among Claims 7 to 9, wherein a compatibly blended layers of a
polymer blend which consists of polymers constituting neighboring layers, respectively, is not formed, at least,
either between layers of the first core and the second core or between layers of the second core and the clad.

The plastic optical fiber according to any claim among claims 1 to 10, wherein a— 3dB bandwidth measured at
a fiber length of 50 m under the condition of all mode launch is not less than 400 MHz.

A plastic optical fiber cable comprising a plastic optical fiber according to any claim among Claims 1 to 11, the
outer surface of which is coated with a resin.

An optical transmission device, comprising:
a plastic optical fiber having a first core, a second core with a different refractive index from the first core,
disposed concentrically on the outside of the first core, and a clad disposed concentrically on the outside of
the second core, wherein: a ratio X (r4/r,) of a first core radius rq to a second core radius r, and a ratio Y (n,/

n4) of a refractive index difference n, between the second core and the clad to a refractive index difference
n4 between the first core and the clad are in a range where the following Expressions

Y >-1.134 X + 1.0518 1)
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X <-1.4842Y? +1.1097 Y +0.7097 2)
Y<07 3)
X>0.5 4)

are satisfied;
a light emitting element with alaunch NA of not less than 0.3, disposed at one end of the plastic optical fiber; and
an optical receiver disposed at the other end of the plastic optical fiber.

14. An optical transmission device, comprising the plastic optical fiber or a plastic cable according to any claim among

claims 1 to 12, a light emitting element with a launch NA of not less than 0.3, disposed at one end thereof, and an
optical receiver disposed at the other end thereof.

17
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Continuation of Box No. II of continuation of first sheet (1)

Claims 1, 2, 7-14 relate to a plastic optical fiber wherein a radius
ratio X between the first and second cores and a refractive index difference
ratio Y between respective first and second cores and the clad satisfy the
following inequalities

¥>2-1,134X+1.0518

X<-1.4842Y%4+1.1097Y+0.7097

¥<0.4

X20.76.

Claims 3-6 relate to a plastic optical fiber wherein a radius ratio
X between the first and second cores and a refractive index difference ratio
Y between respective first and second cores and the clad satisfy the following
inequalities

¥<-3.333X+3.1

¥>2.5X-1.625

¥>-0.833X+0.975

¥Y>-1.429X+1.386

Y<0.5

Y=>0.35
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